A B S T R A C T Certain aspects of the metabolism of centrifuged young and old erythrocytes in hemoglobin H disease have been examined and compared with similar studies of beta thalassemia and normal cells. Glycolysis, hexose monophosphate shunt activity (HMPS), potassium flux, and glutathione (GSH) content were measured. The distributions of hemoglobins H and F, as well as the activities of erythrocyte glucose-6-phosphate dehydrogenase (G6PD) and glutamic oxalacetic transaminase (GOT), were utilized for estimations of the relative ages of the cell samples. The young erythrocytes in hemoglobin H disease differed in several respects from older hemoglobin H cells. They contained more soluble hemoglobin H and GSH and, after splenectomy, fewer inclusions. HMPS activity was subnormal in hemoglobin H young cells and rose to normal activity in old cells. Potassium flux tended to increase in old cells when inclusions were present.
Beta thalassemia young cells contained less hemoglobin F and, after splenectomy, more inclusions than old cells.
In addition, they had markedly increased glycolysis and HMPS activity. GSH was randomly distributed. Potassium flux was increased in younger cells and particularly increased when inclusions appeared in younger cells after splenectomy.
The results are interpreted to indicate that inclusion formation is associated with increased erythrocyte cation permeability in the thalassemia syndromes. This is not related to the level of intracellular GSH.
The decreased HMPS activity in young hemoglobin H cells may be due to the presence of the extra thiols of soluble hemoglobin H which can act as a reducing agent.
INTRODUCTION
The erythrocytes of patients with beta thalassemia and hemoglobin H disease can be separated by centrifugation into young and old cohorts (1) (2) (3) (4) . In beta thalassemia the young cells contain less hemoglobin F (2, 3) and, if the patient is splenectomized, more insoluble membrane-bound inclusions of precipitated alpha chains (4) (5) (6) (7) . In hemoglobin H disease, the young cells contain more soluble hemoglobin H, whereas inclusions of precipitated beta chains are detected in the older cells (1, 4, 8, 9) . To examine some of the metabolic consequences of these hemoglobin inclusions, we evaluated the characteristics of the centrifuged cell cohorts with respect to glycolysis, HMPS activity, lactate production, GSH concentration, G6PD (4) . These changes seem to be unrelated to cellular GSH (10) .
A second purpose of this study was to evaluate the influence of soluble hemoglobin H on the HMPS in erythrocytes. A major role of the HMPS in red cells is to provide NADPH for glutathione reductase, an enzyme activity which maintains a renewable pool of reduced glutathione. The latter serves as an oxidant buffer for the thiol groups of red cell hemoglobin and membrane protein (11) (12) (13) . When hemoglobin A is exposed to an oxidant strong enough to cause its denaturation and precipitation in vitro, glutathione is bound, presumably as a disulfide, to the precipitating protein (11) . GSH may also be bound to certain abnormal hemoglobins which precipitate in vivo during the life span of the red cell (1, 10, 14) . Among these abnormal hemoglobins is hemoglobin H (1, 8, 9) , a tetramer of beta chains with eight rather than two exposed thiols per molecule (15 
METHODS
Studies were performed on blood from five patients with hemoglobin H disease, six patients with Cooley's anemia, two patients with S-thalassemia and a group of eight normal controls. Percentages of hemoglobins A and H were determined by starch granule electrophoresis (16) . None of the patients had received blood transfusions in recent years.
Venous blood was collected with preservative-free heparin 1 (0.1 mg/ml blood) and studied immediately. The White blood cell counts, reticulocyte counts, inclusion body counts and measurement of red cell indices were performed on all fractions by standard methods (17) . Inspection of reticulocyte smears revealed virtually absent platelets. The ratio of leukocytes to red cells was less than 2 X 10' in top layer cell suspensions and less than 10-' in bottom layer suspensions.
Minimum HMPS activity by evolution of 14CO2 from glucose-1-`C was studied in duplicate by modifications of the method of Murphy (18) . After incubation in the presence of 1 ,uc of glucose-1-"4C, a small piece of filter paper, which had been suspended from the inner edge of the serum cap of the incubation flasks before incubation, was soaked with KOH. The blood was acidified with 0.1 ml of 0.5 N H2SO4. The acid and alkali additions were made with syringes and hypodermic needles. The filter papers and appropriate standards applied to filter paper were dried and counted for 14C activity in a liquid scintillation spectrometer (19 (20) . Methemoglobin and hemoglobin were assessed by the technique of Evelyn and Malloy (21) . The total hemoglobin in the hemolyzates remained constant even in samples containing hemoglobin H. Failure to recognize possible precipitation of hemoglobin H by methylene blue might have been because the molar hemoglobin to dye ratio was approximately 300 rather than the ratios approaching unity that have been utilized in other studies of hemoglobin H precipitation by such dyes (6) . Because it is difficult to remove all nitrite from the cells (22) , this technique indicates the net rate of methemoglobin reduction rather than absolute reduction rates. Therefore, only the periods of linear methemoglobin reduction were considered in the calculations of comparative reduction rates.
Glucose consumption and lactate production during incubation were measured on perchloric acid filtrates by the glucose oxidase (23) 
RESULTS
The adequacy with which centrifugation separated cells into young and old populations is illustrated in Table  I where the substantial differences in reticulocyte counts and GOT and G6PD activities between top and bottom fractions are tabulated. As expected (1, 2, 4, 29) , the young cells were in the top layers and the older cells in the bottom fractions.! Glucose metabolism in young and old cells. The rates of total glucose consumption, lactate production, glucose oxidation by the HMPS, and reduction of methemoglobin with methylene blue and glucose are shown in Table I . 2 The authors are grateful to Dr. Frederick Stohlman, Jr.
for performing some of these size distribution studies. 3 As previously noted (4), we have further evaluated the validity of the separation method by administration of '9Fe to one adult patient with Cooley's anemia. 5 days after isotope administration nearly all of the radioactivity was localized in the large hypochromic cells of the upper layer which were rich in reticulocytes and poor in hemoglobin F. As anticipated (30) (31) (32) (33) , total glucose consumption and lactate production in normal young cells was greater than in normal old cells. In beta thalassemia erythrocytes the same pattern was detected, an expected finding in view of the large number of reticulocytes and nucleated red blood cells in the top layer cells of these patients. However, in four of the five studies of hemoglobin H, glucose consumption and lactate production were greater in old cells than in young cells, despite relatively large numbers of reticulocytes in the top cell layers. HMPS activity in young normal cells, measured either by the '4CO2 or by the methemoglobin reduction methods, was greater than HMPS activity in old normal cells (31) (32) (33) . The same was true to an even greater extent of the cells of patients with beta thalassemia. On the contrary, the HMPS activity of old cells from patients with hemoglobin H disease was equal to or greater than that of young cells from these patients. These differences in the cellular localization of shunt activity are demonstrated in Fig. 1 in which the top and bottom cell ratios for HMPS activity are graphically shown. This figure shows that the differences in shunt activity between young and old cell fractions were easily demonstrable by the glucose-1-"C technique whereas they were barely if at all discernible by the the methemoglobin reduction technique since the latter only measures the potential maximal activity of the shunt based largely upon available glucose, NADP, G6PD, and NADPH: methylene blue reductase activity in the bottom and top layer cells.
G6PD activity and GSH concentrations in young and old cells. patients with hemoglobin H disease and beta thalassemia is shown by their high G6PD and GOT activities compared with those of normal cells (Table I and II) . The G6PD and GOT activites of young cells from all subjects were greater than those of old cells. As described previously (14) , the GSH content of normal old cells was only slightly less than that of young cells; but the mean GSH concentration of old hemoglobin H erythrocytes was only 47.8 +7.5 mg/100 ml cells, significantly less GSH than was measured in normal old cells (P <0.01) and 32% less GSH than was found in young hemoglobin H cells (P < 0.05).
The distribution of glutathione in young and old cells in the beta thalassemia patients was quite widely scat-V. J. Relationship between cellular GSH, G6PD activity and HMPS activity with special reference to hemoglobin H disease. Fig. 3 reveals that the distribution of glutathione among top and bottom (young and old) cells was strongly associated with the relative rate of shunt activity, the shunt activity being higher as glutathione declined. However, were the same. Thus, it would appear that the falling GSH concentration in hemoglobin H cells was associated with an increase of HMPS activity from below normal toward normal rather than an increase to levels above normal. Table I shows that the decline of glutathione in aging hemoglobin H cells was also associated with a reduction in soluble hemoglobin H, a fact expected from the previous investigations of Rigas and Koler (1).
Studies
Potassium flux in young and old cells. There were no detectable differences in potassium flux among top and bottom cell layers of normal erythrocytes. In patients with either beta thalassemia or hemoglobin H disease who were not splenectomized and whose red blood cells did not contain inclusions, the young red cells had a higher rate of flux than bottom layer cells (Fig. 4) . This result was expected in view of the predominance of young cells in the upper layers (34) . Splenectomized patients with the two forms of thalassemia had definite differences in red cell potassium fluxes. In splenectomized patients with beta thalassemia, potassium flux was considerably higher in the young cells in which inclusions were present. In hemoglobin H disease, the fluxes tended to be equal in top and bottom layer cells with a slight predominance in bottom layer cells where inclusions were present.
DISCUSSION
The role of unbalanced hemoglobin synthesis and hemoglobin subunit precipitation in the erythrocyte destruction which characterizes thalassemia has attracted increasing attention. In hemoglobin H disease, the j4 tetramer slowly precipitates from the cell during its life span (1) although some precipitates may also be found in the bone marrow (35) . In homozygous beta thalassemia very large precipitates are easily detected in many marrow cells (5) . These are destroyed in the spleen within hours after they are newly delivered to the circulation(4). Thus inclusions are found in young cells in beta thalassemia and old cells in hemoglobin H disease. These differences in precipitate localization contribute to the differences in severity of the two syndromes. In hemoglobin H disease, there is less destruction of developing erythroblasts within the marrow, and the rate of removal of newly formed peripheral blood cells, though increased above normal, is not extreme (36) . In beta thalassemia, however, massive destruction of newly formed cells in the marrow (38) The pathophysiological consequences of unbalanced hemoglobin synthesis in thalassemia also provide a mechanism for evaluation of age-dependent separations of thalassemic erythrocytes. In beta thalassemia hemoglobin F has a longer life span than hemoglobin A (3). Hence, any population of thalassemic erythrocytes which contains a higher hemoglobin F concentration than that of another sample of cells from the same individual must have an older mean age. Advantage was taken of this fact by Loukopoulos and Fessas (2) in their studies of the nature of hemoglobin distribution in beta thalassemia. It has been further substantiated by the present studies of the distributions of these hemoglobins and of G6PD and GOT activities in centrifuged beta thalassemic blood samples. In hemoglobin H disease, the ,84 tetramer has a higher rate of turnover than that of hemoglobin A (37), as was predicted from the studies of Rigas and Koler (1) . For this reason a sample of cells containing more soluble hemoglobin H than that of another sample from the same individual must be a younger cell population. This fact was also confirmed by the present hemoglobin and enzyme distribution studies.
Glutathione may be bound to hemoglobin as it precipitates in red cells (1) . Since it has been proposed that the level of glutathione may influence to some extent the activity of the hexose monophosphate shunt (39) , it was of interest to examine the relationship of HMPS activity to cell age and glutathione concentration in the normal individuals and in the two forms of thalassemia. In fact, when ratios were established be- 
